Studies of transplantation biology rely on the detection of donor hemopoietic cells in transplant recipients. Traditionally this has been achieved through ex vivo techniques, including flow cytometric analysis of cell surface markers to detect cells expressing specific epitopes, histochemical detection of cytoplasmic proteins, and the detection of Y chromosome-specific sequences by DNA hybridization. Studies using congenic models, such as the Ly5.115.2 mouse, or the utilization of fluorescent dyes, such as PKH-26, have allowed more in-depth analysis of transplantation, beginning to address key issues such as cell homing through cell tracking and elucidation of the "stem cell niche." However, these methods are limited by labeling sensitivity, specificity, crossreactivity and, in the case of PKH-26 labeling, the number of cell divisions the transplanted cells can make before the signal disappears. We have developed a fluorescent
Introduction
In-depth studies of bone marrow transplantation rely on the detection of donor and/or donor-derived hemopoietic cells in transplant recipients. Historically, several techniques have been developed for evaluation of successful bone marrow transplants in chimeric transplant models. Southern blot analysis is utilized to detect Y chromosome-specific DNA sequences in male cells within female recipients (Lamarr and Palmer, 1984) . With the development of in situ hybridization it became possible to distinguish donor and recipient cells while still maintaining morphologically intact cells, allowing improved quantification in transplantation studies. in situ hybridization (FISH) technique that utilizes a murine Y chromosome-specific "painting" probe to identify in situ individual transplanted male cells in paraffin-embedded sections of female whole bone marrow while maintaining good morphological integrity. This method is highly sensitive and specific, labeling more than 99% of male cells and no female cells, allowing each transplant to be assessed at the individual cell level. The technique provides unique opportunities to follow the path taken by transplanted cells, both during homing into the marrow and through their maturation and differentiation into mature, functional Various protocols have been described since Rudkin and Stollar (1976) first published results using fluorescence in association with in situ hybridization (FISH). Today this technique is routinely used on metaphase chromosomes and interphase nuclei on glass slides, on intact cells in suspension, and on tissue sections (for review see Johnson et al., 1991) .
FISH has successfully been used in marrow transplantation studies to detect male donor-derived cells in suspensions of brain, blood, liver, spleen, and bone marrow from female recipients. Although these studies give accurate data as to the percentage of donor cells present in each particular tissue, invaluable information is lost. This includes outlining the path taken by cells during homing into the marrow, the microenvironmental "niche" in which they lodge, and the ability to follow their path through proliferation and differentiation. In contrast, applying FISH on tissue sections offers unique opportunities to study these characteristics of transplanted cells at the individual cell level.
Despite previous data published about FISH on tissue sections, including biopsy specimens of human marrow, none of these methods has been optimized for FISH on sections of whole bone marrow. The use of bone marrow biopsies has been problematic, both in sampling and labeling, and analysis is limited by sample size and lack of structural integrity. Blood vessels and other microenvironmental characteristics are usually lost during the biopsy procedure.
Accordingly, we have developed a highly sensitive and reproducible FISH technique that utilizes a murine Y chromosomespecific DNA probe to identify, in situ, individual transplanted male cells within whole bone marrow sections of paraffin-embedded female femurs. This technique provides unique opportunities to track individual transplanted cells in their homing to particular niches within the bone marrow and to follow their progress through maturation and differentiation into mature, functional hemopoietic cells.
Materials and Methods
Mice. Balblc mice were purchased from Charles River Laboratories (Wilmington, MA) and housed in a conventional clean facility for at least a week before experimental use. All mice received mouse chow and acidified water ad libitum. All animal protocols were approved by the institute's animal research committee and experiments were carried out under its guidelines for the care and use of laboratory animals.
Transplants. Transplant experiments involved a single IV infusion of 120 x lo6 normal male marrow cells into nonablated female recipients. After 6 months, the presence of donor cells was analyzed on sections of whole marrow using FISH and quantified using Southern blot analysis.
Tissues. Anesthetized (Metofane; Pitman-Moore, Mundelein, IL) mice were perfused with 4 ml of 4% paraformaldehyde in PBS (pH 7.2) (if no temperature is given, room temperature was used) at a rate of 0.34 mllmin into the descending aorta (Arnold et al., 1991) . The femurs and tibias were excised and immersion-fixed for a further 3 hr before decalcification in 10% ethylenediaminetetracetic acid (EDTA) (pH 7.4) for 2 weeks at 4'C, or until all calcium was removed. The bones were washed in 0.08 M Sorensen's phosphate buffer, 5 % sucrose for 5 min and dehydrated in graded ethanol 50%. 70%, 90%. 95%, and two times 100% for 1 hr each. Clearing was done in two changes of mineral spirits (Aldrich Chemical; Milwaukee, WI), each for 1 hr, before infiltration and embedding in Paraplast x-tra (Oxford Labware; St Louis, MO) at 55"C, according to standard procedures.
Section Preparation. Slides were precleaned with acid alcohol (1% HCI in 70% ethanol). To promote adhesion of the paraffin sections, clean slides were dipped into 0.01% poly-L-lysine solution (M, 150.000-300.000) (Sigma Diagnostics; St Louis, MO) for 5 min and left to dry overnight. Bone sections of 5 pm were cut with a RM2025 rotary microtome (Leica; Heidelberg, Germany), and mounted on subbed slides at 37°C overnight. The slides were prepared for hybridization in a manner similar to that described by Larsson and Hougaard (1990) . The sections were deparaffinized in three changes of xylene, each for 10 min, and rehydrated in graded ethanol (twice at 100% for 10 min, 95%. 90%, 70% and double-distilled water each for 5 min). The sections were then rinsed in two changes of PBS. each for 15 min, and placed in 0.1 M glycine in PBS for 5 min to inactivate the formaldehyde from the original fixative. The slides were washed in PBS containing 0.3% Triton X-100 for 15 min, then further rinsed in PBS for 5 min.
Fluorescence In Situ Hybridization. Because of the fixative and the na-be enzymic digestion by 5 pg/ml proteinase K (Boehringer Mannheim; Mannheim, Germany) in 0.1 M Tris-HCI (pH 8.0) containing 50 mM E m A disodium salt for 40 min at 37°C. Before incubation with the slides, the proteinase K was preincubated at 50°C for 1 hr to remove any nucleases. The sections were then further fixed in freshly prepared 4% paraformaldehyde in PBS (pH 7.2) and washed in two changes of PBS for 2 min each. The slides were then placed in freshly prepared 0.25% acetic acid anhydride in 0.1 M Tris (pH 8.0) for 10 min. Sections were prehybridized for 1.5 hr at 45°C in 20 pI of hybridization buffer, consisting of 10% dextran sulfate, 50% deionized formamide (Boehringer Mannheim), 0.3 M NaCI. 0.03 M sodium citrate, 150 mM DL-dithiothreitol (MT) (Sigma), plus 0.2 mglml mouse Cot-1 DNA (Gibco BRL; Gaithersburg. MD). After prehybridization, 9 ng of digoxigenin-labeled Y chromosome probe (Weier et al., 1994) in 20 PI of hybridization buffer plus 0.19 mglml mouse Cot-1 DNA was applied using Probe-clip coverslip chambers (Grace Bio-Labs; Sunriver, OR). The sections were placed in a humidified chamber, denatured at 80°C for 10 min. and incubated overnight at 45'C. Unbound probe was removed by stringent washing in four changes of 0.1 x SSC (15 mM NaCl and 1.5 mM sodium citrate, pH 6.4). each for 15 min at 45°C. followed by a rinse in PBS for 2 min.
Nonspecific binding of the detection fluorochrome was blocked with a blocking buffer consisting of 5 % FCS (Hyclone; Logan, UT), 5% nonfat milk (Shaw's; Bridgewater, MA), and 0.05Y0 Triton X-100 in 4 x SSC (0.6 M NaCl and 0.06 M sodium citrate, pH 6.4) for 15 min. Detection of digoxigenin was done using anti-digoxigenin-rhodamine Fab fragments (Boehringer Mannheim) at a concentration of 6.5 pg/ml in PBS containing 2% BSA fraction V (Sigma) for 1 hr in the dark. Nonbound fluorochrome was removed through three extensive, light-protected washings, first in PBS for 10 min, then in PBS containing 0.05% Triton X-100 for 15 min, and finally in PBS for 15 min.
Mounting of FISH-labeled Sections. To preserve fluorescent labeling, sections were mounted using Vectashield (Vector; Burlingame, CA) (Florijn et al.. 1005) . Each section was mounted in approximately 5 p1 of mounting medium and the coverslips sealed with nailpolish. Mounted slides were stored at 4-C protected from light. Sections from transplant recipients were sequentially stained with Giemsa and remounted.
Microscopy and Photomicroscopy. Sections were evaluated using a Nikon Microphot-FXA microscope equipped for epifluorescence (100-W highpressure mercury lamp) (Melville, NY). Sections were viewed using a 4011.0 oil Nikon objective. Fluorescent photomicrographs were taken with Kodak Ektachrome EL IS0 400l27"C. Light photomicrographs were taken with Kodak Ektachrome EL I S 0 64/27"C.
Southern Blot Analysis. DNA extracts of bone marrow were prepared by lysis in 0.15 M NaCI, 0.02 M Tris. 0.02 M EDTA, and 1% SDS, followed by purification using organic extraction with proteinase K, RNAse, and phenol-chloroform and precipitation in ethanol. The presence of Y-specific sequences was assessed using a pY2-cDNA probe (donated by I. Lemischka, Princeton, NJ) (Lamarr and Palmer, 1984) . Five pg of each DNA sample was digested with the restriction enzyme Dra I and separated by gel electrophoresis in 0.8% agarose (Gibco BRL). DNA fragments were transferred onto Zetaprobe nylon membranes (Bio Rad; Richmond, CA) according to established Southern blotting techniques. Sample loading variability was assessed and adjusted for by reprobing membranes with a partial or full length cDNA for IL-3 (donated by J. Ihle and DNAX; Palo Alto, CA). Probes were labeled with '*P using a random primer labeling kit (Boehringer Mannheim), and an autoradiograph was made using Kodak XRP X-ray film (Eastman Kodak; Rochester, NY). Blots were exposed to photostimulatable storage phosphor imaging plates (Molecular Dynamics; Sunnyvale. CA) and the percentage of male and female DNA quantified after scanning ture of the tissue used, we identified the optimal permeability method to the plates with a 400A phosphorimager (Molecular Dynamics) 
Results
This technique provides reproducible results with the DNA Y-specific painting probe on paraformaldehyde perfusion-fixed, paraffinembedded sections of murine femoral bone marrow.
Bone Sections
The quality of preservation of tissue elements is determined by the number of crosslinks formed between tissue constituents and by the speed of fixative penetration. In this study, morphological integrity was preserved through rapid and thorough fixation. by perfusing 4% Paraformaldehyde at physiological pressure (Figure 1 ).
In addition, unlike other fixatives, paraformaldehyde does not cross-link cellular proteins to the point at which penetration of the probe is inhibited during in situ hybridization (Singer et al., 1986) .
To cut good sections of paraffin-embedded bone, it was necessary to remove all traces of calcium. For use in conjunction with FISH, EDTA is an ideal decalcifying agent. EDTA is a chelating agent which, although nominally "acidic," does not act as a mineral or organic acid but captures metallic ions, notably calcium ions. Because EDTA binds only ionized calcium, it acts on the outer bone layer. As this layer becomes depleted it is replenished from ions within until all ions are removed. As a consequence, this is a slow procedure, but one that has little or no effect on other tissue elements.
For this technique we chose to cut 5-pm sections because these were thin enough both to study morphological detail at the light microscopic level and to allow good probe penetration. Thinner sections frequently showed incomplete areas, which were not always macroscopically detectable.
Bone sections do not adhere well to slides. Even when cleaned, grease-free slides were used, some adhesive was required. High molecular weight polymers of L-lysine (Huang et al.. 1983) were found to be an excellent adhesive for paraffin sections of bone.
Hybridization specificity was enhanced both by a prehybridization incubation in acetic anhydride, which prevents nonspecific binding of the probe, and by addition of large amounts of the nonspecific competitive inhibitor Cot I murine DNA, an inhibitor ideally suited for use with "painting" probes, during hybridization. In addition. the detergent Triton X-100 during the stringent washings was useful for reducing any nonspecific background staining.
Hybridization temperature was also found to be important. Similarly to that described by Larsson and Hougaard (1990) . hybridization was done at 45°C to increase both the permeability of the section and the specificity of the labeling.
The heterogeneous composition of bone results in high levels of autofluorescence. This problem was reduced by addition of MT to the hybridization buffer and by keeping the length of hybridization time to a minimum (Hulspas and Bauman, 1992) . Specific positive label was confirmed under the microscope by a visual check at excitation and emission wavelengths other than that of rhodamine. This technique is highly sensitive. labeling more than 99% of male bone marrow cells (Figure 2A) and, as expected, no female bone marrow cells ( Figure 2B ). An important biological application of this procedure is for analysis ofsuccessful bone marrow transplants. We evaluated the capacity of this technique to detect transplanted male cells in nonablated female murine hosts 6 months after the infusion of 120 x lo6 normal marrow cells (Figure 2C) .
By Southern blot analysis, the percentage of male cells in the bone marrow was found to be 15%. A typical femoral section from a transplant recipient contained an equivalent percentage of positive cells. These cells could easily be detected and consequently assessed at the individual cell level. Specific cell labeling was confirmed under uv excitation ( Figure 2D ). Sections were sequentially stained with Giemsa for morphological and histological verification of transplanted and surrounding host cells ( Figure 2E ). quences within the morphological context of individual cells, nuclei, or chromosomes. Recently, in situ hybridization techniques have been applied to a variety of tissues embedded in paraffin, including seminiferous tubules (Walt et al., 1989) , cervix (Jackson et al., 1990) . lung tumors (Kim et al., 1993) . and bone marrow aspirates and biopsies (Nolte et al., 1995; Miranda et al., 1994) . However, owing to high levels of autofluorescence and high background noise, the application of FISH to whole femoral bone marrow sections has not been exploited.
Discussion
The use of a longitudinal section of whole femur is distinctively different from and has many benefits over a bone marrow biopsy. Perfusion-fixation at physiological pressure preserves the femur in vivo without any sampling-induced tissue damage. As a consequence, structural integrity is maintained, allowing identification of any spatial association of transplanted cells, such as to the femoral surface, blood vessels, or any other microenvironmental elements. For example, we have recently used this technique to document a high spatial association of transplanted marrow stem cells to the femoral surface. Although a biopsy does allow examination of the immediately surrounding cells, most structural elements are lost and sample damage may occur during the biopsy process.
Other transplantation studies have used congenic models, such as the Ly5.1/5.2 mouse (Sprangrude et al., 1995) or mice containing the P-gal gene in the genome (ROSA mice) (La1 et al., 1994; Friedrich and Soriano, 1991; Sanes et al., 1986) . or have utilized fluorescent dyes such as the PKHs (Hendrikx et al., 1996; Slezak and Muirhead, 1991) . Although these studies have begun to address key transplantation issues, such as cell homing, they are severely limited by labeling sensitivity, specificity, crossreactivity and, in the case of fluorescent dye uptake, the number of cell divisions the transplanted cells can make before the signal disappears.
Previous in situ hybridization protocols have used radioactive isotopes and autoradiography for detection of cells containing specific RNA or DNA sequences (Sasaki et al., 1991) . The major advantage of fluorescent in situ hybridization detection over autoradiography is its spatial resolving power. Another advantage is that the results of fluorescent in situ hybridization are available within a day or two (as opposed to weeks) and are stable for months when stored at 4°C.
Accurate and consistent detection of transplanted cells in bone marrow sections by FISH relies on optimization of the methodology. This begins with the preservation of the tissue, and hence the DNA site of interest, as well as the quality of embedding and sectioning. For our purposes, paraffin was chosen as the most suitable embedding medium because it provides adequate support to allow sections of bone to be cut and yet is easily removed to allow probe penetration during in situ hybridization. Other harder embedding media, such as methacrylate plastic, would provide more support for bone, and as a consequence, sections of higher integrity. However. the strength of these media comes from multiple crosslinked chains that form on polymerization and cannot be removed, almost totally inhibiting probe penetration.
Optimization of in situ hybridization involved combining sufficient permeabilization and increased labeling specificity, in association with reduced autofluorescence. Optimal permeabilization for maximal probe penetration and labeling intensity was achieved with proteinase K. Although other permeabilization re-agents, such as pepsin, maintained good morphological detail, probe penetration and hence labeling intensity were sacrificed. Labeling specificity and reduction of autofluorescence were optimized with the use of nonspecific inhibitors, increased hybridization temperatures, and decreased hybridization times.
In this study we have developed a highly sensitive, specific, and readily reproducible technique that provides unique opportunities to follow the path of transplanted cells in the marrow and through their maturation and differentiation into mature, functional hemopoietic cells. This technique can be applied to a number of biological and clinical questions. These include the analysis of microenvironmental influences at the individual cell level and the effects of marrow ablative treatments, such as chemo-and radiotherapy before bone marrow transplant, on cell homing.
